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Description of the radiation field

Macroscopic description:

Specific intensity Iv (V, n,r, f)

as function of frequency, direction, location, and time; energy
of radiation field (no polarization)

«in frequency interval (v,v+dv)

*in time interval (t,t+dt)

*in solid angle dw around n

sthrough area element do at locationr L n

4
I, (v,n,7,t) = d’k

dv dt dw do:
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Relation 1,1,

Energy in frequency interval (v,v+Av) —1,
Energy in wavelength interval (A, A+AL) — 1,

ie. d'E=1,dAcosddtdldw

thus I, |dvI=1,|dA|

) dv c c c
with Vﬂ:C:>7:—72 IV:72[/1 1/1:72[1/
. 1 v A
Iv I)»
Dimension - cnerey - - cnerey -
area time freq. solid angle area time wavelength solid angle
Unit og ]

— .
cm” s Hz sterad cm® s A sterad
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Invariance of specific intensity

Irradiated energy:
dE=1,(v,dvcosttdAddw

dA’ as seen from dA subtends solid angle d@
dw=cos¥dA' | d*

cos? dA cos ¥ dA’
d2

—dE=1(v,%)dv

now, dA as seen from dA’
cos¥dA cost¥ dA’

d2

dE'=I'(v,®)dv

if no sources or sinks along d:
dE=dE' I =1,

The specific intensity is distance independent if no
sources or sinks are present.
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Irradiance of two area elements
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Specific Intensity

Specific intensity can only be measured from extended
objects, e.g. Sun, nebulae, planets

Detector measures energy per time and frequency interval

dE=1,cosdw A
e.g. A is the detector area

dw ~ (1")* is the seeing disk

Stellar Atmospheres: The Radiation Field

Special symmetries

» Time dependence unimportant for most problems

* |In most cases the stellar atmosphere can be described in
plane-parallel geometry

atmosphere  200km 1 <l
radius 700000 km 3500

Sun:

U=costt I =1,(V,U,z)
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» For extended objects, e.g. giant stars (expanding
atmospheres) spherical symmetry can be assumed

spherical coordinates: ~ Cartesian coordinates:
I1,(v,u,r) I,(v,p,z)

r=R outer boundary
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Integrals over angle, moments of intensity

* The 0-th moment, mean intensity

1 . : .
J, =— [ﬁ I,(n)dw  with spherical coordinates
4z ;

L L sindddde  with g=cos

_E . I_m , Sin ¢ with g :=cos
1 2z el

:EJ.O I—llv d’u d¢

* In case of plane-parallel or spherical geometry

11
JV=5_jlzvdy

energy erg

area time frequency cm’ ¢ Mz




Stellar Atmospheres: The Radiation Field

J, is related to the energy density u,,
radiated energy through area element dA4 during time d¢ :
dE=1 dv dt dwdA
[=cdt=dV =1dA=cdtdA

hence, the energy contained in volume element dV" per frequency interval ig

u,dV dv = Ul I, dwdv =4rJ, dv ' g
d a
energy erg -

volume frequency cm’ Hz

total radiation energy in volume element:

w=[u, dv=iz] g, @) B g
0 0

3
volume cm

/s
\
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The 1st moment: radiation flux
- A
F = [jl 1,(77) 7i dw ¢
propagation vector in

spherical coordinates:

sin Z¥cos @

n=| sindsin¢@

cos

= F,, = [ 1(8.9)sin dcos gsin & d dg ¢

in plane-parallel or spherical geometry:

1
F, =F, =0,F, =F =2x[ I(uu di

>t v,z

energy erg

area time frequency cm’ § Mz
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Meaning of flux:

Radiation flux = netto energy going through area L z-axis
Decomposition into two half-spaces:

1
F=2x[ I(updy
1 0
=2z[ Hpdu+2x [ 1(uyudy
1 1
=27 | I(p)udp—2x[ I(-w)udu
=F"—F"

netto = outwards - inwards
Special case: isotropic radiation field: F =0

E, astrophysical flux
Other definitions: H , Eddington flux

F,=7nF,=4rH,
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Idea behind definition of Eddington flux

In 1-dimensional geometry the n-th moments of intensity are

1 ¢t

0-th moment: J, :ELI('U) du
1 ¢t

Ist moment: HV:ELI('U) uau

2nd moment: K, :%j_lll(,u) wdu

1t n
n-th moment: :ELI(,U) ndu
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Idea behind definition of astrophysical flux

Intensity averaged over stellar disk = astrophysical flux

n .
p=Rsin?
g 2 _ R2(1— 2
p=Rsin?} ‘ 5 (=4
\y 2 =2
du
pdp=—R'udu

Stellar Atmospheres: The Radiation Field

Idea behind definition of astrophysical flux

Intensity averaged over stellar disk = astrophysical flux

- 1 R dp
1 1
=— |, L 027k pd

=F'/n=F

FE, =0 noinward flux at stellar surface

;v :FV
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Flux at location of observer

E = []1 1,(77) 7i do
Flux at distant observer's detector normal to the line of sight:

R _ R

FORT

f, =1 do=1rxR?/d* =nrF,
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Total energy radiated away by the star, luminosity
Integral over frequency at outer boundary:
F=J.0 dev=L F,dv

Multiplied by stellar surface area yields the luminosity

L=47R*F =47’ R’F=167"R*H

energy  erg
time S




Stellar Atmospheres: The Radiation Field

The photon gas pressure

Photon momentum: P, =E,/c

Force: F=dp—vl =l@coszﬁl
dt c dt

Pressure: AP _F _1dE, cos?
" dA cdt dA

:1IV cos’ ddw dv
c

Ty

1
PO)=1 {1, cos’ vdw= 21."1‘,,[1261',[1 =
Cir ¢ ¢

Isotropic radiation field: Lw=I =],

I
Pvy=Th oy T P(v)%uv 1, =3K,
C

c 3

Tntensity —=
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Special case: black body radiation (Hohlraumstrahlung)

Radiation field in I,(v,n,F,t)=1,(v)
Thermodynamic I,=B,(v,T)bzw.I,=B,(v.T)
Equilibrium with matter

in cavity: F = =I,=8
of temperature T i cavity 0J,=1=5

2mv? hv -
Visible B ,T — — =1
i = {eXp(ij }
-1
2hc he
B (A,T) =— — =1
y (A1) A {CXP(MTJ }

B,(A,T) =

2hc? ox ( he J_l -
2| P kT
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Asymptotic behaviour

* In the ,red” Rayleigh- hv hv
. — <<l exp| —
Jeans domain kT kT
2
B,(v,T)= 2kv2 T
C
B,(1)= 2%

* In the ,blue” Wien domain Z‘T/»l exp(;j—lzexp(j

2hv?

2
C

B,(v,T)=

hv
=1+—
kT

B,(A,T)= 2:30 exp[

22
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Wien's law
d d | 2m? wY T
EBV(V’T) :E{ PP {exp(k—Tj—l} ] x:=hv/kT

v e'-1lv
d

—B, =0-3-x,, e™/(e*~1)=0
dv

—>Xx —3(1—6”““‘**):0

max

numerical solution: fr_ =2.821= hZ—; A T=05100cm deg
4 p —05x ~5(1=e)=0

di

numerical solution:|x, =4.965= 7 thT A T =0.2897 cm deg
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Integration over frequencies

B(T) = TBV (T)dv = T 22’;’3 {exp (%)— 1} dv

0

2kt LT X 2 7'k*
= 2h3T4I x_ldle_ 2 3T4
c )€ 5c¢ch
='/15
574
=ET4 with azlﬁz—k}:5.669-10’serg cm” s deg™
V4 15 c*h

Stefan-Boltzmann law

Energy density of blackbody radiation:

u =4”jJV(v)dv _ ¥ pry= 49 e
C 0 C

c

24
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Stars as black bodies — effective temperature

Surface as ,open” cavity (... physically nonsense)

I}=B,,I;=0
7= B, for >0
" lo foru<o0
with F, =B, and F=B(I)=2T* -
V4
luminosity: L=47’RF=40nR:T" -

hence, eff. temperature]| 7., = (4o7) LR

Attention: definition dependent on stellar radius!

25
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Stars as black bodies — effective temperature

Visible
light
—

Sun's curve
Blackbody curve at 5800 K

Intensity —

| | |
0 0.5 1 2 3

Wavelength (mm) ——
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Examples and applications
« Solar constant, effective temperature of the Sun
va(v)dv =f=136kW/m’=136ergs’ cm”
0

2

F=f ‘;3 with d=1.5-10"cm R, =6.69-10"cm -
T

F, =2.01-10" erg s cm™ flux at solar surface

eff = eff

T =ZF= 19 =5780K
o
+ Sun's center T =1410" K
— Planck maximumat A, =3.4A (B,)
or A, =21A (B))
with 1A 12.4keV maximum =4 keV

27
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Examples and applications
* Main sequence star, spectral type O
R.=10R, , T,; = 60000 K
N 2
)R] =

Auy =882A (B,)) or A4, =501A (B))

* [Interstellar dust

T=20K , A

max

=0.3mm (B,)

« 3K background radiation
r=27K ,A, =1.9mm(B,)

max

28
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Radiation temperature

... is the temperature, at which the corresponding blackbody
would have equal intensity

-1 -1
2hc he he 2hc
I (A)="AF -1 T  =—|ln ——+1
V( ) 23 |:exp(ik7-;ad J j| = rad kl|: n[ﬂ}[ ji|

14

Comfortable quantity with Kelvin as unit

Often used in radio astronomy

29
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The Radiation Field

- Summary -

30
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Summary: Definition of specific intensity

7]

4
I (v,n,1,t)= _dE C.:

" dv dt do do

31
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Summary: Moments of radiation field

In 1-dim geometry (plane-parallel or spherically symmetric):

1

0-th moment: J, :ELI('U) du Mean intensity
1 ¢t

Ist moment: H, = [ 1) pdu Eddington flux

1 ¢t
2nd moment: K, ZELI (W) pdu K-integral

F, =astrophysical flux H =Eddington flux F, =flux F, =7zF =4xH,
energy density u = I: u, dv= 47”_[: J, dv
total flux at stellar surface F = J‘: Fldv= J:E, dv

stellar luminosity L=47zR’F=4n’R:F=167"RH

32
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Summary: Moments of radiation field

pressure of photon gas  P(v) = 4n K,
c

3 -1
blackbody radiation B, (v,T) = 2hl/ {exp (h_l/) - 1}
c

Wien's law A, T = constant
Stefan-Boltzmann law  B(T) = .[BV (T)dv = G ps

b4

0
. _y 46 4

energy density of blackbody radiation u=—T

c

effective temperature L =47"R’F=47"R}B=407R T},
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